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•  Co-P/Ti02  is  efficient,  reusable,  and 
low-cost  catalyst  for  hydrolytic 
dehydrogenation  of  AB. 

•  The  catalyst  is  reusable  with  minimal 
loss  of  activity  for  several  cycles. 

•  Arrhenius  activation  energy  is  found 
to  be  48.1  ±  2  kj  mol-1. 
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The  development  of  catalytically  active,  low-cost,  and  reusable  catalysts  is  very  vital  for  on-demand 
hydrogen  generation  systems  for  practical  onboard  applications.  Titanium  dioxide  supported-cobalt 
-phosphorus  (Co-P/Ti02)  catalyst  prepared  by  electroless  deposition  has  been  shown  to  effectively 
promote  the  release  of  hydrogen  from  the  hydrolytic  dehydrogenation  of  ammonia  borane.  The  catalyst 
is  very  stable  to  be  isolated  as  solid  material  and  characterized  by  XRD,  SEM-EDX,  and  XPS.  It  is  redis¬ 
persible  and  reusable  as  an  active  catalyst  in  the  hydrolytic  dehydrogenation  of  AB.  The  activation  energy 
(Ea)  for  the  hydrolytic  dehydrogenation  of  ammonia  borane  catalyzed  by  Co-P/Ti02  catalyst  is 
48.1  ±  2  kj  mol-1.  Maximum  hydrogen  generation  rate  in  the  hydrolytic  dehydrogenation  of  ammonia 
borane  catalyzed  by  Co-P/Ti02  catalyst  is  2002  mL  H2  min-1  (g  catalyst)-1. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrogen  has  become  one  of  the  most  promising  future  energy 
carriers  in  recent  years  due  to  the  concerns  over  the  depletion  of 
fossil  fuels  supplies,  environmental  pollution  and  global  warming 
which  is  attributable  to  the  greenhouse  effect  caused  by  a  steep 
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increase  in  carbon  dioxide  and  other  gases  [1,2  .  However,  the  lack 
of  effective  and  safe  hydrogen-storage  materials  is  the  most 
important  challenge  toward  hydrogen-powered  society  as  a  long¬ 
term  solution  for  a  secure  energy  future  [3].  Recently,  ammonia 
borane  (H3NBH3,  AB)  has  been  considered  to  be  a  promising 
candidate  as  an  efficient  hydrogen-storage  material  to  meet  the 
2010  targets  (6  wt  %  and  45  g  L-1)  and  potentially  meet  the  2015 
targets  (9  wt  %  and  81  g  L-1)  set  by  the  U.S.  Department  of  Energy 
(DOE)  [4,5]  due  to  its  high  hydrogen  content  (19.6  wt  %  H2)  and  low 
molecular  weight  (30.7  g  mol-1)  [6,7  .  It  is  highly  soluble  in  water 
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and  its  solution  is  stable  at  room  temperature.  However,  it  releases 
hydrogen  gas  upon  hydrolytic  dehydrogenation  at  room  tempera¬ 
ture  in  the  presence  of  suitable  catalysts  (Eq.  (1))  [8]. 

H3NBH3  (aq)  +  2H20  (1)^3nH+  (aq)  +  B02  (aq) 

+  3H2  (g)  (1) 

So  far,  various  catalyst  systems  consisting  of  noble  and  non¬ 
noble  metals  have  been  tested  as  catalysts  for  hydrogen  genera¬ 
tion  from  the  hydrolysis  of  AB.  Generally,  the  catalysts  composed  of 
noble  metals  showed  higher  catalytic  activities.  However,  devel¬ 
opment  of  low-cost  and  efficient  catalysts  is  desired  for  practical 
uses.  Recent  advances  in  catalyst  preparation  technologies  have  led 
to  significant  improvements  in  the  catalytic  activity  of  transition 
metal  catalysts,  even  to  a  level  comparable  to  that  of  the  noble 
metal  catalysts  [9].  Particularly,  supported  non-noble  transition 
metals  can  be  employed  as  active  catalysts  in  practical  applications 
owing  to  their  easy  separation  from  the  solution  and  reusability 
[10].  Some  of  the  non-noble  catalysts  used  for  the  hydrolysis  of  AB 
are  hollow  titania-nickel  composite  [11  ,  graphene  supported  co- 
balt(0)  nanoparticles  [12  ,  amorphous  Co-B  catalyst  13],  meso- 
porous  silica  supported  Co-B  [14  ,  Co-B,  Ni-B,  Cu-B  [15  ,  hollow 
nickel-silica  composite  [16],  Co-B  [17],  amorphous  nickel  catalyst 
[18],  polymer-stabilized  iron(0)  nanoclusters  [19  ,  hydroxyapatite- 
supported  cobalt(O)  nanoclusters  [20  ,  Co/IR-120  [21],  Co-P-B/Ni 
foam  [22],  Co-B/C  [23],  silica  embedded  Co(0)  nanoclusters  [24], 
C03O4  [25],  Co-W-B-P/Ni  [26],  Co-Si02  nanosphere  [27  ,  intra¬ 
zeolite  cobalt(O)  nanoclusters  [28  ,  nanoparticle-assembled  Co-B 
[29],  Co  nanoparticles  [30],  Co-Mo-B/Ni  10],  Fe-Ni  alloy  [31], 
PVP-stabilized  nickel  [8],  and  Co-M-B-P  [32]. 

Herein,  the  preparation  and  characterization  of  electrolessly 
deposited  Co-P  catalysts  on  Ti02  and  their  use  as  catalyst  in  the 
hydrolytic  dehydrogenation  of  ammonia  borane  is  reported.  Elec¬ 
troless  deposition,  an  autocatalytic  redox  reaction  process  which 
provides  a  uniform  and  dense  coating  on  all  surface  area  of  the 
plating  support  regardless  of  the  configuration  or  geometry  of  the 
support  [33  ,  is  the  most  popular  and  efficient  method  to  prepare 
supported  non-noble  transition  metal  catalysts  [34].  Indeed,  a 
study  [35]  has  shown  that  Co-Ni-P  catalyst  prepared  by  electro¬ 
less  deposition  method  on  the  surface  TiC>2  can  be  used  as  active 
catalyst  in  the  hydrolytic  dehydrogenation  of  AB.  In  the  light  of  the 
results  of  kinetic  studies  (depending  on  the  catalyst  amount,  sub¬ 
strate  concentration,  and  temperature)  and  the  reusability  experi¬ 
ment,  Co-P/Ti02  catalysts  can  be  regarded  as  efficient,  low-cost, 
and  reusable  catalysts  in  the  hydrolytic  dehydrogenation  of  AB  to 
produce  hydrogen.  The  main  advantages  of  the  catalyst  are  its  low- 
cost  and  high  reusability. 

2.  Experimental  section 

2.2.  Materials 

Cobalt  sulfate  heptahydrate,  sodium  hypophosphite  mono¬ 
hydrate,  EDTA,  gluconic  acid,  boric  acid,  ammonium  hydroxide, 
sodium  potassium  tartrate,  ammonia-borane  complex  (97%), 
palladium  acetate,  butvar  (B98),  and  titanium  dioxide  (Degussa  P- 
25)  were  purchased  from  Aldrich.  All  chemicals  were  used  as 
received.  Deionized  water  was  distilled  by  water  purification 
system. 

2.2.  Preparation  of  the  Co-P  catalyst 

The  Co-P  catalyst  was  prepared  and  supported  on  Pd-Ti02  by 
using  electroless  deposition  method.  Cobalt  sulfate  heptahydrate 


Table  1 

Bath  composition  and  the  operating  conditions  employed  for  preparing  electro¬ 
lessly  deposited  Co— P  catalyst  on  Ti02. 


Catalyst 

Co-P 

Bath  composition 

Cobalt  sulfate  heptahydrate  (mM) 

53.08 

Sodium  hypophosphite  monohydrate  (M) 

0.094 

Gluconic  acid  (M) 

0.023 

EDTA (M) 

0.013 

Sodium  potassium  tartrate  (M) 

0.035 

Boric  acid  (M) 

0.162 

Operating  conditions 

pH 

10.5 

Temperature  (°C) 

75  ±  2 

Time  (min) 

45 

was  used  as  the  source  of  cobalt.  Sodium  hypophosphite  was  used 
as  the  reducing  agent,  which  also  forms  the  source  of  phosphorus  in 
the  deposit.  EDTA  was  used  as  the  complexing  agent  to  control  the 
rate  of  release  of  free  metal  ion  for  the  reduction  reaction.  In 
addition  to  other  constituents,  ammonium  hydroxide  was  added  to 
adjust  the  pH  of  the  bath  solution.  During  plating,  the  bath  was 
maintained  at  a  temperature  of  75  ±  2°  C  by  a  constant  temperature 
bath.  The  bath  composition  and  operating  conditions  employed  for 
the  preparation  of  electroless  Co-P  alloy  deposits  are  given  in 
Table  1. 

Since  the  electroless  deposition  of  Co-P  alloy  requires  a  cata- 
lytically  active  surface,  titanium  dioxide  surface  has  to  be  activated. 
For  this  purpose,  1  g  of  titanium  dioxide  was  mixed  with  12  g  of 
catalyst  ink  solution  by  a  method  described  in  detail  elsewhere 
[36,37].  The  polymer-stabilized  palladium  catalyst  ink  solution  was 
prepared  by  dissolving  a  specified  amount  (0.2-0.5  g)  of  analytical 
reagent  grade  palladium  acetate  trimer  [CH3(C02)2Pd]  (47.05%  Pd) 
from  Aldrich-Sigma  Co,  in  2.0  mL  NH4OH.  The  palladium  mixture 
was  then  added  with  stirring  for  several  hours  into  a  base  solution 
of  polyvinyl  butyral  (PVB)  in  methanol.  The  alcoholic-polymer  base 
solution  contained  2.0  g  poly  (vinyl)  butyral  (Solutia  Inc.’s  Butvar  B- 
98)  in  a  known  volume  (100—200  mL)  of  methanol.  The  amount  of 
PVB  dissolved  in  alcohol  can  be  used  to  adjust  the  catalyst  ink 
viscosity.  After  a  thorough  mixing,  the  as-prepared  catalyst  solution 
can  be  preserved  for  years  without  loss  in  its  activity. 

The  titanium  dioxide-catalyst  ink  mixture  was  stirred  to  prepare 
Pd-activated  TiC>2  for  2  h  at  room  temperature,  and  kept  at  270  °C 
for  48  h  and  then  350  °C  for  6  h.  To  initiate  the  electroless 
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Fig.  2.  The  SEM  micrograph  (a)  and  the  EDX  spectrum  (b)  of  the  Co-P/Ti02  catalyst. 


deposition  process,  0.2  g  of  activated  titanium  dioxide  was  added 
into  the  25  mL  of  electroless  plating  bath  solution.  The  electroless 
Co-P  particle  deposition  was  conducted  for  45  min.  The  reaction 
was  then  terminated  by  rapid  cooling  of  plating  bath  with  the 
addition  of  cold  water.  These  Co-P/Ti02  particles  were  easily 
collected  by  centrifugation,  and  then  washed  with  deionized  water 
and  methanol  before  drying  in  the  oven  at  50  °C. 

2.3.  Catalytic  evaluation  of  Co-P  catalyst  in  the  hydrolytic 
dehydrogenation  of  AB 

The  catalytic  activity  of  electrolessly  deposited  Co-P/Ti02 
catalyst  in  the  hydrolytic  dehydrogenation  of  AB  was  determined 


by  measuring  the  rate  of  hydrogen  generation.  In  all  experiments, 
the  reaction  flask  (30  mL)  was  placed  in  a  thermostat  that  was 
equipped  with  a  water  circulating  system,  wherein  the  temperature 
was  kept  constant  at  25  ±  0.5  °C.  Then,  a  graduated  burette  (50  mL) 
filled  with  water  was  connected  to  reaction  flask  to  measure  the 
volume  of  the  hydrogen  gas  to  be  evolved  from  the  reaction.  Next, 
31.8  mg  (1.0  mmol)  AB  was  dissolved  in  20  mL  water.  This  solution 
was  transferred  with  a  glass  pipette  into  the  reaction  flask  ther- 
mostated  at  25  ±  0.5  °C.  Then,  certain  amount  of  Co-P/Ti02  (25,  50, 
75,  and  100  mg,  respectively)  catalyst  was  added  into  the  reaction 
flask.  The  reaction  was  started  by  closing  the  flask  and  the  volume 
of  hydrogen  gas  evolved  was  measured  by  recording  the  displace¬ 
ment  of  water  level  from  the  graduated  burette  as  the  reaction 
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Fig.  3.  The  mapped  SEM  micrographs  of  the  elements  in  the  catalyst;  (a)  Ti,  (b)  O,  (c)  Co,  and  (d)  C. 
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Fig.  4.  High  resolution  X-ray  photoelectron  spectrum  of  Co-P/TiC^  catalyst  showing 
cobalt  2p  regions. 


Fig.  6.  Plot  of  mole  H2/mole  H3NBH3  versus  time  (s)  for  the  hydrolytic  dehydrogena¬ 
tion  of  H3NBH3  (50  mM)  catalyzed  by  Co-P  catalyst  with  different  catalyst  amounts 
(25,  50,  75, 100  mg)  at  25.0  ±  0.5  °C. 


progressed.  In  addition  to  the  volumetric  measurement  of  the 
hydrogen  evolution,  the  conversion  of  AB  ( 5  =  -23.9  ppm)  to 
metaborate  (<S  =  9.0  ppm)  was  also  checked  by  11 B  NMR 
spectroscopy. 

2.4.  The  effect  of  stirring  speed  on  hydrogen  generation  rate 

The  same  experiment  described  in  Section  2.3  for  the  hydrogen 
generation  from  the  hydrolytic  dehydrogenation  of  AB  was  per¬ 
formed  at  25  ±  0.5  °C  by  varying  the  stirring  speed  (0,  200,  400, 
600,  800, 1000,  and  1200  rpm)  to  check  how  hydrogen  generation 
rate  was  affected  by  stirring  speed  in  the  hydrolytic  dehydrogena¬ 
tion  of  AB. 

2.5.  Kinetic  study  of  the  hydrolytic  dehydrogenation  ofAB  catalyzed 
by  Co-P  catalyst 

In  order  to  establish  the  rate  law  for  hydrolytic  dehydrogenation 
of  AB  using  Co-P/Ti02  as  catalyst,  two  different  sets  of  experiments 
were  performed  in  the  same  way  described  in  Section  2.3.  In  the 
first  set  of  experiments,  the  hydrolytic  dehydrogenation  reaction 
was  carried  out  starting  with  different  initial  amount  of  catalyst 
(25,  50,  75,  and  100  mg)  and  keeping  the  initial  amount  of  AB 
constant  (31.8  mg,  50  mM).  The  second  set  of  experiments  was 
carried  out  by  keeping  the  initial  amount  of  catalyst  constant 


(25  mg)  and  varying  the  concentration  of  AB  (50, 100,  and  150  mM, 
respectively).  Finally,  the  hydrolytic  dehydrogenation  of  AB  was 
carried  out  by  keeping  the  amounts  of  Co-P/Ti02  catalyst  (25  mg) 
and  AB  (50  mM)  at  temperatures  of  25,  35, 45,  and  55  °C  in  order  to 
obtain  the  activation  energy  (Ea)  for  this  hydrolysis  reaction. 

2.6.  Reusability  of  Co-P  catalyst  in  the  hydrolytic  dehydrogenation 
ofAB 

After  the  hydrolytic  dehydrogenation  reaction  of  AB  was 
completed,  the  catalyst  was  filtered,  washed  with  deionized  water 
and  methanol,  and  dried.  Then,  another  equivalent  of  aqueous  AB 
(50  mM)  solution  was  added  to  the  reaction  flask  which  contained 
the  catalyst.  The  volume  of  the  released  hydrogen  gas  was  then 
monitored  by  the  gas  burette.  Such  reusability  experiments  were 
repeated  for  6  times  under  ambient  atmosphere. 

2.7.  Catalyst  characterization 

Powder  X-ray  diffraction  (XRD)  patterns  were  recorded  with  a 
Rigaku  X-ray  Diffractometer  using  Cu  Ka  radiation  (30  kV,  15  mA)  at 
room  temperature.  Scanning  was  performed  between  20  degrees  of 
20-80°.  The  measurements  were  made  with  0.01  and  0.05°  steps 
and  l°/min  rate.  The  divergence  slit  was  variable  and  scattering  and 
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Fig.  5.  Plot  of  hydrogen  generation  rate  versus  the  stirring  speed  for  the  hydrolytic 
dehydrogenation  of  H3NBH3  (50  mM)  catalyzed  by  Co-P  (25  mg)  catalyst  at 
25.0  ±  0.5  °C. 


Fig.  7.  nB  NMR  spectrum  before  (a)  and  after  (b)  the  hydrolysis  of  AB. 
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Fig.  8.  Plot  of  hydrogen  generation  rate  versus  catalyst  amount  (both  in  logarithmic 
scale)  for  the  hydrolytic  dehydrogenation  of  H3NBH3  (50  mM)  catalyzed  by  Co-P 
catalyst  with  different  amount  of  catalyst  (25,  50,  75, 100  mg)  at  25.0  ±  0.5  °C. 

receiving  slit  were  4.2°  and  0.3  mm,  respectively.  Scanning  Electron 
Microscopy  (SEM)  analysis  was  carried  out  with  a  Zeiss  1540  ESB 
scanning  electron  microscope  operating  at  an  accelerating  voltage 
of  10  kV,  equipped  with  an  energy  dispersive  X-ray  (EDX)  analysis 
unit.  X-ray  photoelectron  spectrum  (XPS)  was  taken  by  using  SPECS 
spectrometer  equipped  with  a  hemispherical  analyzer  and  using 
monochromatic  Mg-Ka  radiation  (1250  eV,  the  X-ray  tube  working 
at  15  kV  and  350  W). 11 B  NMR  spectra  were  recorded  on  a  Bruker 
Avance  DPX  400  with  an  operating  frequency  of  128.15  MHz  for 11 B. 


3.  Results  and  discussion 

3.1.  Characterization  of  the  catalyst 

Fig.  1  shows  the  XRD  patterns  of  the  Co-P  catalyst  that  elec- 
trolessly  deposited  on  Ti02.  This  XRD  patterns  mainly  show  the 
support  material  (Degussa  P-25  Ti02,  with  80%  anatase  and  20% 
rutile  composition)  diffraction  peaks  between  26  =  20-80°  except 
for  the  sharp  peak  located  at  26  =  44.5°  that  indicates  the  (002) 
plane  of  the  hexagonal  close  packed  Co  phase  [38].  The  anatase 
phase  diffraction  peaks  are  evident  at  the  following  26  values: 
25.2°,  38°,  48.2°,  55°,  and  62.5°.  Similarly,  the  rutile  phase 
diffraction  peaks  at  27.5°,  36°,  54°,  and  69°  are  also  evident. 


Time  (s) 

Fig.  9.  Plot  of  mole  H2/mole  H3NBH3  versus  time  (s)  for  the  hydrolytic  dehydrogena¬ 
tion  of  H3NBH3  (50  mM)  catalyzed  by  Co-P  catalyst  (25  mg)  in  the  temperature  range 
of  25-55  ±  0.5  °C. 


Table  2 

Activities  in  terms  of  maximum  hydrogen  generation  (Max  HG  rate)  rate  values  of 
various  non-noble  catalyst  systems  tested  in  hydrogen  generation  from  the  hydro¬ 
lysis  of  AB. 


Catalyst 

Max  HG  rate  (mL  H2  g 
catalyst  1  min  ^) 

Reference 

Amorphous  Co— B 

5447.8 

[13] 

Co— B/mesoporous  silica 

1900 

[14] 

C00.75B0.25 

7607 

[15] 

Cuo.75Bo.25 

1178 

[15] 

Nio.75Bo.25 

3869 

[15] 

Co-B 

9157.2 

[17] 

Amorphous  nickel 

827 

[18] 

Co(  0  )/hy  d  roxy  apatite 

2200 

[20] 

Co-P-B 

2000 

[22] 

Co-B/C 

13500 

[23] 

Co-W-B-P/Ni 

4000 

[26] 

Co— B/nanoparticle 

8200 

[29] 

Co  nanoparticles 

1116 

[30] 

Co— P/Ti02 

2002 

[This  study] 

Co/mesoporous  silica 

258 

[44] 

CoCu/Ni 

25 

[45] 

Co— Ni— P/Pd— Ti02 

170 

[46] 

The  morphology  and  the  chemical  composition  of  the  Co-P 
catalyst  were  studied  by  SEM  and  EDX,  as  shown  in  Fig.  2a  and  b, 
respectively.  From  EDX  analysis,  it  was  found  that  the  only  element 
in  the  catalyst  apart  from  titanium  and  oxygen  is  cobalt,  indicating 
the  insertion  of  cobalt  on  the  support.  The  EDX  micrograph  also 
shows  the  average  composition  (Co:P  =  98.6:1.4  wt.%)  taken  at 
multiple  points  on  the  sample.  Additionally,  the  mapped  SEM  mi¬ 
crographs  of  the  elements  (Ti,  O,  Co)  in  the  catalyst  are  shown  in 
Fig.  3  along  with  the  carbon  from  SEM  mount. 

X-ray  photoelectron  spectra  (XPS)  of  the  Co-P  catalyst  given  in 
Fig.  4  shows  two  prominent  bands  at  780  and  796.3  eV,  readily 
attributable  to  Co(0)  2p3/2  and  Co(0)  2pi/2,  respectively  [39]. 
Compared  to  the  values  of  bulk  cobalt  [39]  (778.5  and  794.7  eV),  the 
Co  2p3/2  and  Co  2pi/2  peaks  of  Co-P  catalyst  are  shifted  to  higher 
binding  energies  by  1.5  and  1.6  eV,  respectively.  This  shift  might  be 
attributed  to  the  matrix  effect  of  the  support  material  or  to  the  size 
effect  [40].  XPS  spectrum  also  shows  two  additional  bands 
observed  at  slightly  higher  energies,  which  can  be  attributed  to 
higher  oxidation  states  of  cobalt,  presumably  formed  by  oxidation 
during  the  XPS  sample  preparation,  since  cobalt  is  sensitive  to 
oxygen.  These  additional  weak  bands  can  be  attributed  to  the 
different  cobalt(II)  species,  since  the  oxidation  product  may  exist  in 
different  forms  depending  on  the  ligand  (hydroxide,  oxide,  or  ni¬ 
trogen  donor)  [41  . 


Fig.  10.  Arrhenius  plot  for  the  hydrolytic  dehydrogenation  of  H3NBH3  (50  mM)  cata¬ 
lyzed  by  Co-P  catalyst  (25  mg)  at  25  ±  0.5  °C. 
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Table  3 

The  apparent  Arrhenius  activation  energy  values  (Eaapp,  1<J  mol-1)  for  various  non¬ 
noble  catalyst  systems  tested  in  hydrogen  generation  from  the  hydrolysis  of  AB. 


Catalyst 

Activation 
energy  (kj  mol-1) 

Reference 

Co-Mo-B/Ni 

44.3 

[10] 

Co(0)/graphene 

32.75 

[12] 

C00.75B0.25 

40.85 

[15] 

Cuo.75Bo.25 

48.74 

[15] 

Nio.75Bo.25 

43.19 

[15] 

Co-B 

47.5 

[17] 

Co(0)/hydroxyapatite 

50 

[20] 

Co-B/C 

29 

[23] 

Co-W-B-P/Ni 

29 

[26] 

Co(0)/zeolite  Y 

56 

[28] 

Co— B/nanoparticle 

34 

[29] 

Co-Ni-P/Pd-Ti02 

54.7 

[46] 

Co/y-A1203 

62 

[47] 

p(AMPS)-Co 

47.7 

[48] 

p(AMPS)-Cu 

48.8 

[48] 

p(AMPS)-Ni 

52.8 

[48] 

Co— P/Ti02 

48.1 

[This  study] 

Co(0)— MOF 

35.5 

[49] 

3.2.  The  effect  of  stirring  speed  on  hydrogen  generation  rate 

The  effect  of  stirring  speed  on  the  hydrogen  generation  rate  in 
the  hydrolytic  dehydrogenation  of  AB  was  investigated  by  per¬ 
forming  the  catalytic  reaction  at  various  stirring  speeds  and  the 
results  are  graphically  presented  in  Fig.  5.  It  is  seen  that  the 
hydrogen  generation  rate  is  independent  of  the  stirring  speed  when 
it  is  higher  than  800  rpm.  This  indicates  that  the  system  is  in  a  non¬ 
mass  transfer  limitation  regime  since  the  present  kinetic  study  was 
performed  at  the  stirring  speed  of  1000  rpm. 


3.3.  Catalytic  evaluation  ofCo-P  in  the  hydrolytic  dehydrogenation 
ofAB 

The  kinetics  of  the  hydrolytic  dehydrogenation  of  AB  catalyzed 
by  Co-P/Ti02  was  studied  by  varying  the  amount  of  catalyst,  sub¬ 
strate  concentration  and  temperature.  Fig.  6  shows  the  plots  of  the 
stoichiometric  mole  ratio  of  evolved  H2  to  H3NBH3  versus  time 
during  the  hydrolytic  dehydrogenation  of  50  mM  AB  in  the  pres¬ 
ence  of  the  different  amounts  of  Co-P/Ti02  at  25.0  ±  0.5  °C.  The 


Catalytic  Run 

Fig.  11.  %  Retained  catalytic  activity  versus  number  of  subsequent  catalytic  runs  for 
Co-P  (25  mg)  catalyzed  hydrolytic  dehydrogenation  of  H3NBH3  (50  mM)  at 
25  ±  0.5  °C. 


linear  hydrogen  generation  starts  immediately  without  an  induc¬ 
tion  period  and  continues  until  the  complete  hydrolysis  of  AB.  The 
quantity  of  NH3  liberated  during  the  hydrolysis  of  AB  has  been 
found  to  be  negligible  when  the  catalyst  and  substrate  concentra¬ 
tions  are  lower  than  0.06  mol  %  and  6  wt  %,  respectively  [42].  As 
expected,  the  control  tests  using  copper(II)  sulfate  trap  with  acid- 
base  indicators  resulted  in  no  NH3  evolution  in  detectable 
amount  in  the  experiments  conducted  in  this  study.  Additionally, 
conversion  of  AB  (<5  =  -23.9  ppm)  to  metaborate  (<5  =  9  ppm)  was 
also  checked  by 11 B  NMR  spectroscopy  and  related  spectra  are  given 
in  Fig.  7. 

The  rates  of  hydrogen  generation  were  determined  from  the 
linear  portions  of  the  plots  in  Fig.  6  and  used  to  obtain  the  plots  of 
the  hydrogen  generation  rates  versus  initial  catalyst  amounts,  both 
in  logarithmic  scale,  as  depicted  in  Fig.  8.  The  slope  of  the  plot  is 
1.089,  indicating  that  the  hydrolytic  dehydrogenation  of  AB  cata¬ 
lyzed  by  Co-P/Ti02  is  first  order  with  respect  to  the  catalyst 
amount.  The  effect  of  AB  substrate  concentration  on  the  hydrogen 
generation  rate  was  also  studied  by  carrying  out  a  series  of  exper¬ 
iments  starting  with  varying  initial  concentration  of  AB  while 
keeping  the  catalyst  amount  constant  at  25  mg.  The  hydrogen 
generation  from  the  hydrolytic  dehydrogenation  of  AB  was  found  to 
be  practically  independent  of  AB  concentration.  Consequently,  the 
rate  law  for  the  hydrolytic  dehydrogenation  of  AB  catalyzed  by  Co- 
P/Ti02  catalyst  can  be  given  as  in  Eq.  (2). 

zMESaM  .  4™  _  fc[co— p]  (2) 

dt  dt  L 

Finally,  Co-P/Ti02  catalyzed  hydrolytic  dehydrogenation  of  AB 
was  carried  out  at  various  temperatures  in  the  range  of  25- 
55  ±  0.5  °C,  starting  with  a  constant  initial  concentration  of  sub¬ 
strate  (50  mM  H3NBH3)  and  a  constant  initial  amount  of  Co-P/Ti02 
catalyst  (25  mg)  and  the  results  were  plotted  as  in  Fig.  9.  Maximum 
hydrogen  generation  rate  in  the  hydrolytic  dehydrogenation  of  AB 
catalyzed  by  Co-P/Ti02  catalyst  is  2002  mL  H2  min-1  (g  catalyst)-1 
at  25  ±  0.5  °C.  Maximum  hydrogen  generation  rate  values  of  some 
non-noble  catalyst  systems  are  given  in  Table  2  for  comparison. 
Maximum  hydrogen  generation  value  of  Co-P/Ti02  catalyst  ap¬ 
pears  to  be  quite  remarkable  for  the  hydrolysis  of  AB. 

The  values  of  rate  constants  at  different  temperatures  for  Co-P/ 
TiC>2  catalyzed  hydrolytic  dehydrogenation  of  AB  were  measured 
from  the  linear  portions  of  the  plots  given  in  Fig.  9  and  used  for  the 
calculation  of  activation  energy  from  the  Arrhenius  plot  shown  in 
Fig.  10.  The  Arrhenius  activation  energy  was  calculated  to  be 
48.1  ±  2  kj  mol-1  for  hydrolytic  dehydrogenation  of  AB  catalyzed  by 
Co-P/Ti02  catalyst.  Arrhenius  activation  values  of  some  non-noble 
catalysts  for  the  hydrolysis  of  AB  are  listed  in  Table  3  for 
comparison. 


3.4.  Reusability  ofCo-P  catalyst  in  the  hydrolytic  dehydrogenation 
ofAB 

The  Co-P/Ti02  catalyst  was  also  tested  for  its  isolability  and 
reusability  in  the  hydrolytic  dehydrogenation  of  AB.  After  the 
complete  hydrolytic  dehydrogenation  of  50  mM  H3NBH3  solution 
catalyzed  by  Co-P/Ti02  catalyst  (25  mg)  at  25  ±  0.5  °C,  the  catalyst 
was  isolated  as  black  powder,  washed  with  water  and  methanol, 
and  dried  in  the  oven  at  60  °C.  The  isolated  samples  of  the  Co-P/ 
TiC>2  catalyst  are  redispersible  in  aqueous  solution  and  yet  active  in 
the  hydrolytic  dehydrogenation  of  AB.  Fig.  11  shows  the  retained 
percent  catalytic  activity  of  the  Co-P/Ti02  catalyst  after  succes¬ 
sively  repeated  hydrolytic  dehydrogenation,  isolation  and  redis¬ 
persion  cycles  at  25  ±  0.5  °C.  It  is  noteworthy  that  Co-P/Ti02 
catalyst  retains  92%  of  its  initial  activity  even  at  the  sixth  run  in  the 
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hydrolytic  dehydrogenation  of  AB  with  a  complete  release  of 
hydrogen.  However,  the  slight  decrease  in  catalytic  activity  in 
subsequent  runs  may  be  attributed  to  the  passivation  of  the  catalyst 
surface  by  increasing  the  concentration  of  boron  products,  e.g. 
metaborate,  which  decreases  the  accessibility  of  active  sites  [43]  or 
to  the  loss  of  catalyst  during  isolation  processes  after  previous  runs. 
As  a  result,  Co-P/Ti02  catalyst  is  isolable,  redispersible  and  yet 
catalytically  active  in  the  hydrolytic  dehydrogenation  of  AB. 

4.  Conclusions 

In  summary,  this  study  on  the  kinetics  of  the  hydrolytic  dehy¬ 
drogenation  of  AB  using  Co-P/Ti02  catalyst  has  led  to  the  following 
conclusions  and  insights:  It  is  found  that  Co-P/Ti02  is  active  and 
reusable  catalyst  in  the  hydrolytic  dehydrogenation  of  AB  even  at 
low  concentrations  and  temperature.  Moreover,  the  complete 
release  of  hydrogen  is  achieved  even  in  successive  runs  performed 
by  dispersing  the  catalyst  isolated  after  each  run.  When  redispersed 
in  aqueous  solution  of  AB,  Co-P/Ti02  catalyst  retains  92%  of  its 
initial  activity  even  at  the  sixth  run  with  a  complete  release  of 
hydrogen.  The  hydrolytic  dehydrogenation  of  AB  catalyzed  by  Co- 
P/Ti02  was  found  to  be  first  order  with  respect  to  catalyst  amount 
and  zero  order  with  respect  to  AB  concentration.  The  high  catalytic 
activity  and  reusability  of  Co-P/Ti02  catalyst  make  it  a  promising 
candidate  to  be  used  as  catalyst  in  developing  highly  efficient 
portable  hydrogen  generation  systems  using  AB  as  solid  hydrogen- 
storage  material. 
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